Abstract. Winds, waves and storm surges can induce severe damages in coastal areas. To improve the preparedness to crisis due to such events a better knowledge of their statistical distribution is required. A better knowledge of past events is the first step to reach this purpose. This paper shows the use of atmospheric downscaling techniques in order to improve waves and storm surge hindcasts. Downscaling techniques are based on existing European Centre for Medium-Range Weather Forecasts reanalyses. The results show clearly that the 10 km-resolution wind forcing provided by the downscaled atmospheric model 5 gives better waves and surges hindcast against using wind directly from the reanalysis. Furthermore, the analysis of the most extreme mid-latitude cyclones indicates that a 4-dimensional blending approach improves the whole process as it includes small scale processes in the initial conditions. Our approach has been successfully applied to ERA-20C (the twentieth century reanalysis).
Mean sea level pressure and surface wind are needed as atmospheric forcing to forecast wave and storm surges. In the present study, these two variables are obtained through reanalyses built using a given data assimilation system constrained by past observations. A dynamical downscaling is applied on global atmospheric reanalyses since their resolution is too coarse to deliver accurate information for hindcast. 
Dynamical downscaling of reanalyses
The general method of a dynamical downscaling uses a coarse resolution dataset, like global atmospheric reanalysis, as initial conditions for a numerical atmospheric model. Three ECMWF reanalyses are selected for this study: ERA-20C, ERA-40 and ERA-Interim (Tab. 2). They are all produced with a coupled climate system, incorporating atmosphere, land surface and ocean systems. ERA-40 includes conventional observations (e.g. surface stations, buoy, radiosondes), polar satellites and geostation-the second layer overlaps the first one and has a variable depth. For a given grid point soil types are very different in the two land-surface schemes. Therefore, using the raw land-surface datasets from ERA as initial conditions would be troublesome since the water saturation fraction depends on the soil type. Thus, we interpolate the surface fields so as to preserve as much as possible the surface heat and momentum fluxes (Boisserie et al., 2016) . The procedure is based on the conservation of the Soil Wetness Index (a relevant indicator for soil water availability) during the interpolation process since soil water availability is 5 supposed to regulate the partition of latent and heat fluxes, which, in turn, influence energy and water exchanges between the atmosphere and the land-surface. The resulting files are initial conditions for NWP forecasts and hourly forecasts are produced twice a day (at 00 UTC and 12 UTC), from H+06 to H+18. The first six hours are not taken into account to prevent model spin up, and after H+18, the next forecast time is considered. The D2 method helps to evaluate the importance of taking into account small wavelengths beyond the reanalysis truncation, not considered in D1. Furthermore, after a short period of time (3 10 hours), non-linearities trigger small scales which are consistent with the large scale. This small scale information provided by the 6-hour forecast is blended with the large scale given by the interpolated reanalysis (Fig. 1 ). This procedure was cycled 4 times. Therefore, the determination of one single initial condition uses 4 reanalyses and is then, in some sense, 4-dimensional.
D2 technique is apply on 10 French events.
Description of wave and storm surge models
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For more consistency, wave and storm surge models used here have similar general characteristics while being adapted to either French or Bulgarian coasts.
Wave models
The French coast extreme wave events are hindcast with the Meteo-France WAve Model (MFWAM), a third-generation model of the operational wave forecasting system of Météo-France (Tab. 3). This model is based on the IFS-CY36R4 of the European 20 wave model (ECWAM) with modified source terms for the dissipation by wave breaking and the air friction dedicated to swell damping as described in Ardhuin et al. (2010) . The MFWAM model uses the wind input term developed as defined in Bidlot et al. (2005) . The dissipation by wave breaking is directly related to the wave spectrum with a saturation rate of dissipation.
The source term is a combination of an isotropic part and a direction-dependent part that controls the directional spread of the resulting wave spectra. It includes a cumulative effect describing the smoothing of big breakers on small breakers. The 25 term also uses a wave turbulence interaction part, which is weak as indicated in Ardhuin et al. (2010) . The MFWAM model uses a quadruplet non linear interaction term based on the discrete interactions approximation as indicated in the ECWAM model. In this study, a nested MFWAM model is implemented with a grid size of 0.1
• for western European seas including the Mediterranean Sea. The domain boundaries are 20
• E for latitude and longitude, respectively (EURAT01 domain in Fig 2) . The wave spectrum is discretized in 24 directions and 30 frequencies starting from 0.035 to 0.58 Hz. This The SWAN (Simulating Waves Nearshore) model is used for the Bulgarian cases (Tab. 3). It is a third-generation wave model that is especially designed to simulate waves in near shore waters and is very often applied to enclosed and semi-enclosed seas, estuaries and lakes (Booij et al., 1999 for Altimetry Product Improvement project) regional atlas implemented in the North East Atlantic Ocean area (Cancet et al., 2010) ; the bottom friction coefficient is spatially variable and has been optimized to properly reproduce the propagation of tides. Tides are discarded in the storm surge computation, and another computation of the tides, based in harmonic components obtained from measurements by SHOM, is added to the storm surge in order to know the sea level with more accuracy, at specific locations. The bottom friction coefficient is constant and taken equal to 0.002. 
Results
Impact of the two downscaling techniques on a deep cyclone development
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The effects of two downscaling techniques on the reconstruction of intense storms are presented with an example of a deep cyclone development. The Lothar storm was an extreme cyclogenesis event occurring a few hours before the Martin storm in December 1999. It is the most extreme storm in terms of pressure gradient, surface wind and displacement velocity to hit France to this day (Wernli et al., 2002; Rivière et al., 2010) . This storm did not produce extreme wave and storm surge, thus it was not selected for hindcasts. Nevertheless it is interesting to look at the behaviour oh both downscaling strategies for this case where 15 the horizontal pressure gradient are so strong. Fig. 3 shows the comparison of the downscaling strategies applied to this storm.
D1 improves the ERA-Interim reanalysis fields but D2 better reproduces the cyclone structure over Northern France than D1
and the ERA reanalysis. Statistics are performed with the 12 meteorological stations available on an area encompassing the low (48 Table 4 confirms that downscaling is noticeably better than using an ERA-Interim reanalysis in regard to surface observations. Table 4 also highlights the slight improvement of results by the use of D2.
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The purpose of the paper is to measure to what extent the mesoscale features built by the downscaling techniques beyond the reanalysis truncation have an impact in terms of surge and wave reconstruction.
Wave hindcasts
Significant wave heights (SWH) hindcasts can be evaluated by using, for example, in-situ observations and satellite altimeter data. Several satellites operated while some selected storms occurred: TOPEX-Poseidon (1992 -2005 , ENVISAT (2002 ENVISAT ( -2012 , that the use of D1 winds induces a better fit with a strong reduction of normalized root mean square error (NRMSE) from 17.1 to 13.1 %. The bias is also significantly reduced from -35 to -4 cm. The best performance of the MFWAM model with D1
winds is obtained for the 2008 storm, where the NRMSE of SWH is significantly reduced from 15.9 to 11.8 % with D1, as illustrated in Fig. 5 . The statistical analysis reveals that the use of D2 winds leads to better results than the use of interpolated ERA winds. Biases of SWH are slightly improved using D2 winds rather than when using D1 winds. (the total number of data points along the tracks was 214). Although this small number of data points, this event is the only opportunity to evaluate the SWAN model outputs. For the Black Sea, the occurrence of a storm seldom happens when more than one satellite track crosses the area with the highest waves. The results of the comparison of the modelled SWH simulations with the ENVISAT satellite altimetry along-track data are presented in Table 5 and Fig. 7 . Statistics have shown that the use 20 of D1 forcing improves the wave hindcast (Table 5) . The highest waves, obtained with D1 forcing, reached about 7 m south of Ahtopol, where unfortunately the storm destroyed the tide gauge and the measurements were therefore lost. As a consequence, the SWAN model output, in terms of significant wave height, is compared with in-situ wave measurements by ADCP located at Pasha Dere beach at 20 m depth. The data was provided by the Bulgarian Institute of Oceanology (Valchev et al., 2014) . W N OE = 100.α(t).
with α(t) = 1.1 if t mea − 3 < t sim < t mea + 3 and α(t) = 0.9 otherwise.
X sim(mea) is the simulated (measured) value of maximum storm surge (in cm); t sim(mea) is the corresponding time (in hours); 5 α is the weighting coefficient. α is equal to 0.9 if the simulated maximum of storm surge is in a window of +/-3 h regarding observed peak time; if it is sooner or later, the bias is multiplied by 1.1. For some cases, when no time information is available, no weighting is applied, thus α = 1. Fig. 9 presents the percentage of events regarding their WNOE value. A tendency of underestimation by using ERA forcing is highlighted in comparison of forcing models with D1 or D2 atmospheric outputs.
When considering extreme cases only, those with low or moderate errors (say W N OE < 20%) represent respectively 18%,
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63% and 69% for ERA, D1 and D2. Dispersion of D2 results is larger then for D1. Table 6 was significantly underestimating the surge by 80 cm (Fig. 11) . One can see for this storm that D2 winds give slightly better surge results on 11 November 2007 at 00 UTC. These two storms are an example of the various response of the storm surge hindcast with both types of downscaling: no significant trend could be highlighted.
Evaluation of early 20 th century cases hindcast using ERA-20C
Twentieth century extreme events which occurred before 1957 can be hindcast by using ERA-20C, the 20 th century reanalysis
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ECMWF project (Poli et al., 2013) . For these cases, even if there were no available wave observations , a storm surge evaluation is possible thanks to reliable sea level observations.
To validate the concept of downscaling using ERA20C analyses, a focus is made on the major storm which occurred in the North Sea in February 1953 (Fig. 12) , which caused severe damages to the Dutch, Belgian and English coasts. Wind intensity around force 10 on the Beaufort scale (around 50 kt) were measured in Scotland and Northern England. The winds and the low pressures combined with exceptional spring tides and the funnel shape and shallowness of the North Sea were responsible for the surge. The Netherlands were the worst affected, recording 1,836 deaths and widespread property damage (Gerritsen, 5 2005). Most of the casualties occurred in the southern province of Zeeland. Three hundred and seven people were killed in England, 19 in Scotland and 28 in Belgium. The MFWAM results using the D1 winds indicate SWH exceeding 16 m in the western part of the North Sea at 00 UTC on 1 February 1953 (Fig. 13) . The most striking fact is the long strong swell with a peak period of 20 s, which hit the Dutch coasts inducing wave flooding. The storm surge simulation shows a very high surge which is very unusual for this area: along the Dutch and Belgian coastlines storm surges exceeded 3 m (Fig. 14) . Fig. 15 shows was already experimented for the North Sea coast for a long period using only ERA-40.
To evaluate such a technique on different initial conditions, thirty cases are selected over French and Bulgarian coastlines to offer a large panel of characteristics: location, intensity, highest astronomic tide, meteorological context. Some early 20 th century cases generating extreme storm surge and waves are part of this selection thanks to ERA-20C recent availability. This study shows a significant and quasi-systematic improvement of wave and storm surge hindcast when using downscaled winds.
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The evaluation with independent wave observations such as wave heights from altimeters shows the strong reduction of bias and improved RMSE of significant wave height for extreme waves events. The downscaling techniques are also well suited to storm surge extreme events, such as the 1953 storm since the storm surge reconstruction using the present approach fits with the recorded data at the Belgian and Dutch coasts. The D2 method, generally leads to an improvement in comparison with D1, especially for cases with small-scale, intense, mid-latitude cyclones.
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Downscaling is a very promising technique to provide an accurate reconstruction of waves and storm surges for the whole 20 th century. After evaluation and calibration with observations, these model outputs can be very useful to analyse the interannual variability of the coastal consequences of wind-storms and to improve the thresholds used in the wave submersion warning system. Further, regional climate modelling is expected to address the response of wave and surge extreme variability to storm-track modifications due to global change. A further step towards this objective would be to use interactive model of wave and storm surge to enhance hindcast. Consequently, all these points will open applications for coastal protection and risk management. Oceanogr., 40, 2010 .
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